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Going	  Deep	  on	  Spalla-on	  Backgrounds	  
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MeV	  Neutrinos	  –	  What	  are	  They	  Good	  For?	  

✔

Solar	  

Reactor	  
Atmospheric	  

Supernova	  
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Why	  is	  Progress	  Stalled?	  

✔ Is	  it	  a	  lack	  of	  interesGng	  quesGons?	  

Is	  it	  a	  lack	  of	  big	  detectors?	  

Is	  if	  fixable?	  
Yes	  

No	  

Sort	  of	  
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Plan	  of	  the	  Talk	  

Introductory	  exhortaGon	  
	  

	  RevoluGonizing	  MeV	  neutrino	  astronomy	  
	  

	   	  SpallaGon:	  the	  haunGng	  
	  	  
	   	  SpallaGon:	  the	  summoning	  	  

	  
	   	  SpallaGon:	  the	  vengeance	  

	  
Back	  to	  the	  future	  with	  neutrino	  physics	  

✔✔
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RevoluGonizing	  MeV	  neutrino	  astronomy	  
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Basic	  Features	  of	  MeV	  Neutrino	  Detec-on	  

Detectors	  must	  be	  massive:	  
EffecGveness	  depends	  on	  volume,	  not	  area	  

�̄e + p ! e+ + n

Example	  signals:	  

⌫ + e� ! ⌫ + e�

Detectors	  must	  be	  quiet:	  
Need	  low	  natural	  and	  induced	  radioacGviGes	  

A(Z,N) ! A(Z + 1, N � 1) + e� + ⌫̄e

Example	  backgrounds:	  
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First:	  Get	  Mul--‐kton-‐Scale	  Neutrino	  Detectors	  
Super-‐K	   JUNO	   DUNE	  

32	  kton	  water	  
Japan	  
running	  

20	  kton	  oil	  
China	  
building	  

34	  kton	  liquid	  argon	  
United	  States	  
proposing	  

Excellent	  performance	  or	  prospects	  for	  neutrino	  astronomy	  
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Second:	  Enable	  Super-‐K	  Selec-on	  of	  Nuebar	  

�̄e + p ! e+ + n

Neutron	  capture	  on	  protons	  
Gamma-‐ray	  energy	  2.2	  MeV	  
Hard	  to	  detect	  in	  SK	  

Neutron	  capture	  on	  gadolinium	  
Gamma-‐ray	  energy	  ∼	  8	  MeV	  
Easily	  detectable	  coincidence	  
separated	  by	  ∼	  4	  cm	  and	  ∼	  20	  µs	  

SK	  

SK+Gd	  

The	  signal	  reacGon	  produces	  a	  neutron,	  but	  most	  backgrounds	  do	  not	  

Beacom	  and	  Vagins	  (2004):	  First	  proposal	  to	  use	  dissolved	  gadolinium	  in	  
large	  light	  water	  detectors	  showing	  it	  could	  be	  pracGcal	  and	  effecGve	  	  
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Mad	  Scien-st	  at	  Work	  in	  Underground	  Lair	  
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Water	  and	  Gadolinium	  Filtra-on	  System	  
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many nucleons of 16O significantly deviate - by about a
factor of four - from predictions.

VIII. ACKNOWLEDGMENT

We gratefully acknowledge the cooperation of the
Kamioka Mining and Smelting Company. The Super-
Kamiokande experiment has been built and operated
from funding by the Japanese Ministry of Education,
Culture, Sports, Science and Technology, the U.S. De-
partment of Energy, and the U.S. National Science Foun-

dation. Some of us have been supported by funds from
the Research Foundation of Korea (BK21 and KNRC),
the Korean Ministry of Science and Technology, the Na-
tional Research Foundation of Korea (NRF- 20110024009
), the European Union FP7 (DS laguna-lbno PN-284518
and ITN invisibles GA-2011-289442), the Japan Society
for the Promotion of Science, the National Science and
Engineering Research Council (NSERC) of Canada, and
the Scinet and Westgrid consortia of Compute Canada;
This work is also supported by the National Natural Sci-
ence Foundation of China (Grants No.11235006).

[1] T. Hagner et al., Astropart. Phys. 14, 33(2000).
[2] S. Abe et al., (KamLAND Collaboration), Phys.Rev.

C81, (2010) 025807.
[3] B. Bellini et al., (Borexino Collaboration), J. Cosmol.

Astropart. Phys. 08 (2013) 049.
[4] J. F. Beacom and M. R. Vagins, Phys. Rev. Lett., 93:

171101 (2004).
[5] K. Abe, et al., (Hyper-Kamiokande working group),

arXiv:1109.3262.
[6] M. Askins, et al., (WATCHMAN Collaboration),

arXiv:1502.01132.
[7] L. Agostino, et al., (MEMPHYS Collaboration), J. Cos-

mol. Astropart. Phys. 1301 (2013) 024.
[8] C. Adams, et al., (LBNE Collaboration),

arXiv:1307.7335.
[9] S. Fukuda et al., (The Super-Kamiokande Collabora-

tion), Phys. Rev. Lett. 86, 5651 (2001).
[10] J. Hosaka et al, (Super-Kamiokande Collaboration),

Phys. Rev. D 73, 112001 (2006).
[11] K. Abe et al., (The Super-Kamiokande Collaboration),

Phys. Rev. D 83, 052010 (2011).
[12] K. Bays et al., (The Super-Kamiokande Collaboration),

Phys. Rev. D 85, 052007 (2012).
[13] S. W. Li and J. F. Beacom, Phys. Rev. C 89, 045801

(2014).
[14] S. W. Li and J. F. Beacom, Phys. Rev. D 91, 105005

(2015).
[15] S. W. Li and J. F. Beacom, arXiv:1508.05389.
[16] D. R. Tilley, J. H. Kelley, J. L. Godwin, D. J. Millener,

J. E. Purcell, C. G. Sheu, and H. R. Weller, Nucl. Phys.
A 745, 155 (2004).

[17] H. Zhang et al., (Super-Kamiokande Collaboration), As-
tropart. Phys. 60 (2015) 41.

[18] K. Abe, et al., (Super-Kamiokander Collaboration),
Nucl. Instr. Meth, A 737 (2014).

[19] S. Yamada, et al., IEEE Trans. Nucl. Sci., 57 (2010) 428.
[20] Z. Conner, PhD thesis, University of Maryland, 1997.
[21] S. Desai, PhD thesis, Boston Univesity, 2004.
[22] http://www.nndc.bnl.gov.
[23] http://www.tunl.duke.edu/nucldata/GroundStatedecays/.
[24] R. Brun, R. Hagelberg, M. Hansroul, and J. C. Lassalle,

Simulation program for particle physics experiments,
GEANT : user guide and reference manual, CERN-DD-
78-2(1978).

[25] A. Hoecker, P. Speckmayer, J. Stelzer, J. Therhaag,
E. von Toerne, and H. Voss, PoS A CAT 040 (2007);
arXiv: physics/0703039.

[26] P. Speckmayer, A. Hoecker, J. Stelzer, and H. VossJ.
Phys.: Conf. Ser. 219, 032057 (2010).

[27] H. Watanabe et al., (Super-Kamiokande Collaboration),
Astropart. Phys., 2009, 31: 320.

[28] D. Cokinos and E. Melkonian, Phys. Rev. C 15, 1636
(1977).

[29] A. Ferrari, P. R. Sala, A. Fasso, and J. Ranft, FLUKA:
A multi-particle transport code, CERN-2005-10 (2005),
INFN-TC-05-11, SLAC-R-773.

[30] G. Battistoni et al., AIP Conf. Proc. 896, 31 (2007).
[31] S. Ando, K. Sato and T. Totani, Astropart. Phys. 18, 307

(2003).
[32] T. Totani and K. Sato, Astropart. Phys. 3, 367 (1995).
[33] R. A. Malaney, Astropart. Phys. 7, 125 (1997).
[34] D. H. Hartmann and S. E. Woosley, Astropart. Phys. 7,

137 (1997).
[35] M. Kaplinghat, G. Steigman, and T. P. Walker, Phys.

Rev. D 62, 043001 (2000).
[36] L. Strigari, M. Kaplinghat, G. Steigman, and T. Walker,

JCAP, 0403:007 (2004).
[37] T. Totani, K. Sato, and Y. Yoshii, Astrophys. J. 460, 303

(1996).
[38] S. Horiuchi, J. F. Beacom, and E. Dwek, Phys. Rev. D

79, 083013 (2009).
[39] M. Fukugita and M.Kawasaki, Mon. Not. Roy. Astron.

Soc. 340, L7 (2003).
[40] C. Lunardini, Phys. Rev. Lett. 102, 231101(2009).
[41] Ref. [4] proposed adding a 0.2% gadolinium solution into

the SK water. After exhaustive studies, on June 27,
2015, the SK Collaboration formally approved the con-
cept, officially initiating the SuperK-Gd project, which
will enhance anti-neutrino detectability (along with other
physics capabilities) by dissolving 0.2% gadolinium sul-
fate by mass in the SK water.

Fate	  of	  the	  GADZOOKS!	  Proposal	  

Super-‐K	  2015:	  Yes	  

For	  about	  10	  years:	  
Vagins	  and	  colleagues	  developed	  experimental	  aspects	  
Beacom	  and	  colleagues	  developed	  theoreGcal	  aspects	  

Will	  greatly	  increase	  sensiGvity	  for	  many	  studies	  
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Third:	  Remove	  Detector	  Backgrounds	  	  
Aeer	  strong	  cuts,	  sGll	  large	  detector	  backgrounds	  in	  Super-‐K	  

What	  causes	  the	  backgrounds	  and	  can	  we	  remove	  them?	  

detector	  backgrounds	  

Signal	  	  is	  
neutrino-‐	  
electron	  
scafering	  

Background	  
is	  beta	  decays	  
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Muon-‐Induced	  Spalla-on	  Decay	  Backgrounds	  

Muon	  passes	  through	  detector	  
Beta	  decays	  follow;	  veto	  in	  cylinder	  

Muon	  rate	  2	  Hz;	  betas	  to	  ∼	  30	  s	  
Cuts	  face	  inefficiency	  or	  deadGme	  
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Examples	  of	  Spalla-on	  Backgrounds	  
12
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FIG. 17: Solar angle distribution for 3.49 to 19.5 MeV. θsun
is the angle between the incoming neutrino direction rν and
the reconstructed recoil electron direction rrec. θz is the solar
zenith angle. Black points are data while the histogram is
the best fit to the data. The dark (light) shaded region is the
solar neutrino signal (background) component of this fit.

the number of background events in the i-th energy bin,
respectively. Yi is the fraction of signal events in the i-
th energy bin, calculated from solar neutrino simulated
events. The background weights bij = βi(cos θsunij ) and
the signal weights sij = σ(cos θsunij , Eij) are calculated
from the expected shapes of the background and solar
neutrino signal, respectively (probability density func-
tions). The background shapes βi are based on the zenith
and azimuthal angular distributions of real data, while
the signal shapes σ are obtained from the solar neutrino
simulated events. The values of S and Bi are obtained
by maximizing the likelihood. The histogram of Fig. 17
is the best fit to the data, the dark (light) shaded region
is the solar neutrino signal (background) component of
that best fit. The systematic uncertainty for this method
of signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calcu-
late the effect on the elastic scattering rate, the recon-
structed vertex positions of solar neutrino MC events are
artificially shifted following the arrows in Fig. 3, and the
number of events passing the fiducial volume cut with
and without the artificial shift are compared. Fig. 18
shows the energy dependence of the systematic uncer-
tainty coming from the shifting of the vertices. The in-
crease below 4.99 MeV comes from the reduced fiducial
volume (smaller surface to volume ratio), not from an
energy dependence of the vertex shift. The systematic
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FIG. 18: Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text)

uncertainty on the total rate is ±0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response
of the front-end electronics. The systematic uncertainty
from the trigger efficiency is estimated by comparing Ni-
calibration data (see section II C) with MC simulation.
For 3.49-3.99 MeV and 3.99-4.49 MeV, the difference be-
tween data and MC is −3.43±0.37% and −0.86±0.31%,
respectively [12]. Above 4.49 MeV the trigger efficiency
is 100% and its uncertainty is negligible. The resulting
total flux systematic uncertainty due to the trigger effi-
ciency is ±0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the an-
gle which includes 68% of events in the distribution of the
angular difference between their reconstructed direction
and their true direction. The MC prediction of the angu-
lar resolution is checked and the systematic uncertainty
is estimated by comparing the difference in the recon-
structed and true directions of LINAC data and LINAC
(see [9]) simulated events. This difference is shown in Ta-
ble IV for various energies. To estimate the systematic
uncertainty on the total flux, the signal shapes sang+ij and
sang-ij are varied by shifting the reconstructed directions of
the simulated solar neutrino events by the uncertainty in
the angular resolution. These new signal shapes are used
when extracting the total flux, and the resulting ±0.1%
change in the extracted flux is taken as the systematic
uncertainty from angular resolution.
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SpallaGon:	  the	  haunGng	  

Li	  and	  Beacom	  2014	  [arXiv:1402.4687]	  
Isotopes	  are	  made	  by	  muon	  secondaries	  and	  are	  calculable	  
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Muons	  and	  their	  Energy	  Losses	  

Typical	  muon	  energy	  is	  250	  GeV;	  typical	  energy	  loss	  is	  8	  GeV	  
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Secondary	  Par-cles	  and	  their	  Proper-es	  

Secondaries	  are	  abundant,	  low-‐energy,	  and	  near	  the	  track	  
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Spalla-on	  Yields	  and	  their	  Parents	  
6

Isotope Half-life (s) Decay mode Yield (total)
(⇥10�7µ�1g�1cm2)

Yield (E > 3.5 MeV)
(⇥10�7µ�1g�1cm2)

Primary process

n 2030
18N 0.624 �� 0.02 0.01 18O(n,p)
17N 4.173 ��n 0.59 0.02 18O(n,n+p)
16N 7.13 ��� (66%), �� (28%) 18 18 (n,p)
16C 0.747 ��n 0.02 0.003 (⇡�,n+p)
15C 2.449 ��� (63%), �� (37%) 0.82 0.28 (n,2p)
14B 0.0138 ��� 0.02 0.02 (n,3p)
13O 0.0086 �+ 0.26 0.24 (µ�,p+2n+µ�+⇡�)
13B 0.0174 �� 1.9 1.6 (⇡�,2p+n)
12N 0.0110 �+ 1.3 1.1 (⇡+,2p+2n)
12B 0.0202 �� 12 9.8 (n,↵+p)
12Be 0.0236 �� 0.10 0.08 (⇡�,↵+p+n)
11Be 13.8 �� (55%), ��� (31%) 0.81 0.54 (n,↵+2p)
11Li 0.0085 ��n 0.01 0.01 (⇡+,5p+⇡++⇡0)
9C 0.127 �+ 0.89 0.69 (n,↵+4n)
9Li 0.178 ��n (51%), �� (49%) 1.9 1.5 (⇡�,↵+2p+n)
8B 0.77 �+ 5.8 5.0 (⇡+,↵+2p+2n)
8Li 0.838 �� 13 11 (⇡�,↵+2H+p+n)
8He 0.119 ��� (84%), ��n (16%) 0.23 0.16 (⇡�,3H+4p+n)
15O 351 (�,n)
15N 773 (�,p)
14O 13 (n,3n)
14N 295 (�,n+p)
14C 64 (n,n+2p)
13N 19 (�,3H)
13C 225 (n,2H+p+n)
12C 792 (�,↵)
11C 105 (n,↵+2n)
11B 174 (n,↵+p+n)
10C 7.6 (n,↵+3n)
10B 77 (n,↵+p+2n)
10Be 24 (n,↵+2p+n)
9Be 38 (n,2↵)

sum 3015 50

Table I. Table of isotope yields. The top part has background isotopes for Super-K. The bottom part has isotopes that do
not cause backgrounds in Super-K, including those that are stable, have long half-lives, or decay invisibly or with a low beta
energy. The yields and production mechanisms are from simulation. For the 5th column, the Super-K energy resolution has
been taken into account in counting events with decay energies above the Super-K analysis threshold of 3.5 MeV, though it
makes little di↵erence. The observed 16N decay spectrum (including both betas and gammas) is taken from Ref. [57]. For
other isotope decays, only beta energies are included (gammas are ignored). Yields above 100 are rounded o↵ to 3 significant
digits; smaller yields are rounded o↵ to 2 significant digits. Isotopes with yields smaller than 0.01⇥ 10�7µ�1 g�1 cm2 or mass
numbers smaller than 8 (all of which are not backgrounds in Super-K) are ignored.

tent results, within a factor of 2, validate our approach.
The results show interesting di↵erences in the physics of
spallation in water and scintillator, as discussed in detail
below.

A. Predicted Yields

Table I shows the neutron and isotope yields per muon
along with associated details. Almost all isotopes made
by muons and their secondaries are listed (we skip iso-
topes with small yields or small mass numbers). Since
Super-K can only detect relativistic charged particles,

6

Isotope Half-life (s) Decay mode Yield (total)
(⇥10�7µ�1g�1cm2)

Yield (E > 3.5 MeV)
(⇥10�7µ�1g�1cm2)

Primary process

n 2030
18N 0.624 �� 0.02 0.01 18O(n,p)
17N 4.173 ��n 0.59 0.02 18O(n,n+p)
16N 7.13 ��� (66%), �� (28%) 18 18 (n,p)
16C 0.747 ��n 0.02 0.003 (⇡�,n+p)
15C 2.449 ��� (63%), �� (37%) 0.82 0.28 (n,2p)
14B 0.0138 ��� 0.02 0.02 (n,3p)
13O 0.0086 �+ 0.26 0.24 (µ�,p+2n+µ�+⇡�)
13B 0.0174 �� 1.9 1.6 (⇡�,2p+n)
12N 0.0110 �+ 1.3 1.1 (⇡+,2p+2n)
12B 0.0202 �� 12 9.8 (n,↵+p)
12Be 0.0236 �� 0.10 0.08 (⇡�,↵+p+n)
11Be 13.8 �� (55%), ��� (31%) 0.81 0.54 (n,↵+2p)
11Li 0.0085 ��n 0.01 0.01 (⇡+,5p+⇡++⇡0)
9C 0.127 �+ 0.89 0.69 (n,↵+4n)
9Li 0.178 ��n (51%), �� (49%) 1.9 1.5 (⇡�,↵+2p+n)
8B 0.77 �+ 5.8 5.0 (⇡+,↵+2p+2n)
8Li 0.838 �� 13 11 (⇡�,↵+2H+p+n)
8He 0.119 ��� (84%), ��n (16%) 0.23 0.16 (⇡�,3H+4p+n)
15O 351 (�,n)
15N 773 (�,p)
14O 13 (n,3n)
14N 295 (�,n+p)
14C 64 (n,n+2p)
13N 19 (�,3H)
13C 225 (n,2H+p+n)
12C 792 (�,↵)
11C 105 (n,↵+2n)
11B 174 (n,↵+p+n)
10C 7.6 (n,↵+3n)
10B 77 (n,↵+p+2n)
10Be 24 (n,↵+2p+n)
9Be 38 (n,2↵)

sum 3015 50

Table I. Table of isotope yields. The top part has background isotopes for Super-K. The bottom part has isotopes that do
not cause backgrounds in Super-K, including those that are stable, have long half-lives, or decay invisibly or with a low beta
energy. The yields and production mechanisms are from simulation. For the 5th column, the Super-K energy resolution has
been taken into account in counting events with decay energies above the Super-K analysis threshold of 3.5 MeV, though it
makes little di↵erence. The observed 16N decay spectrum (including both betas and gammas) is taken from Ref. [57]. For
other isotope decays, only beta energies are included (gammas are ignored). Yields above 100 are rounded o↵ to 3 significant
digits; smaller yields are rounded o↵ to 2 significant digits. Isotopes with yields smaller than 0.01⇥ 10�7µ�1 g�1 cm2 or mass
numbers smaller than 8 (all of which are not backgrounds in Super-K) are ignored.

tent results, within a factor of 2, validate our approach.
The results show interesting di↵erences in the physics of
spallation in water and scintillator, as discussed in detail
below.

A. Predicted Yields

Table I shows the neutron and isotope yields per muon
along with associated details. Almost all isotopes made
by muons and their secondaries are listed (we skip iso-
topes with small yields or small mass numbers). Since
Super-K can only detect relativistic charged particles,

SpallaGon	  yields	  vary	  greatly,	  depend	  on	  MeV	  reacGons	  
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Spalla-on	  Decays	  and	  their	  Proper-es	  

Time	  and	  energy	  distribuGons	  agree	  with	  Super-‐K	  data	  
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SpallaGon:	  the	  summoning	  

Li	  and	  Beacom	  2015a	  [arXiv:1503.04823]	  
Isotopes	  are	  made	  in	  showers	  and	  are	  calculable	  
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Showers	  in	  Concept	  and	  Prac-ce	  

High-‐energy	  parGcles	  make	  showers	  
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Secondary	  Path	  Length	  Spectra	  from	  Showers	  

Path	  length	  spectra	  from	  showers	  are	  near	  universal	  
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Muon-‐Induced	  Showers	  and	  their	  Proper-es	  

Muons	  make	  showers	  of	  different	  types,	  broad	  spectrum	  
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Light	  and	  Isotope	  Produc-on	  by	  Showers	  

EM	  showers	  make	  light	  but	  not	  isotopes;	  hadronic	  is	  opposite	  
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Correla-ons	  of	  Showers	  and	  Isotopes	  

Isotope	  producGon	  follows	  muon	  energy	  loss	  
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SpallaGon:	  the	  vengeance	  

Li	  and	  Beacom	  2015b	  [arXiv:1508.05389]	  
Isotope	  producGon	  can	  be	  idenGfied	  and	  localized	  
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Showers	  Produce	  Lots	  of	  Light	  

Can	  we	  reconstruct	  the	  shower?	  
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Where	  is	  the	  Shower?	  

Lee	  shows	  Monte	  Carlo	  truth;	  right	  shows	  Super-‐K	  reality	  
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Reconstruc-on	  Using	  all	  PMT	  Hits	  

We	  can	  rebuild	  it	  
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Bespoke	  Cuts	  for	  Every	  Muon	  

Harder	  cuts,	  smaller	  volume:	  befer	  efficiency,	  less	  deadGme	  
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Elimina-ng	  Spalla-on	  Backgrounds	  

detector	  backgrounds	  

Super-‐K	  is	  already	  adopGng	  our	  techniques;	  more	  to	  come	  
Expect	  to	  reduce	  backgrounds	  in	  all	  MeV	  detectors	  by	  ∼	  10	  	  

First	  cut:	  
Rare	  but	  dangerous	  
high-‐energy	  showers	  
	  
Second	  cut:	  
Restrict	  cuts	  to	  near	  
shower	  posiGons	  
	  
Third	  cut	  (in	  devel.):	  
Rare	  but	  dangerous	  
hadronic	  showers	  
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Back	  to	  the	  future	  with	  neutrino	  physics	  
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MeV	  Neutrinos	  –	  What	  are	  They	  Good	  For?	  

✔

Solar	  

Reactor	  
Atmospheric	  

Supernova	  
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Examples	  of	  Spalla-on	  Backgrounds	  
12
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FIG. 17: Solar angle distribution for 3.49 to 19.5 MeV. θsun
is the angle between the incoming neutrino direction rν and
the reconstructed recoil electron direction rrec. θz is the solar
zenith angle. Black points are data while the histogram is
the best fit to the data. The dark (light) shaded region is the
solar neutrino signal (background) component of this fit.

the number of background events in the i-th energy bin,
respectively. Yi is the fraction of signal events in the i-
th energy bin, calculated from solar neutrino simulated
events. The background weights bij = βi(cos θsunij ) and
the signal weights sij = σ(cos θsunij , Eij) are calculated
from the expected shapes of the background and solar
neutrino signal, respectively (probability density func-
tions). The background shapes βi are based on the zenith
and azimuthal angular distributions of real data, while
the signal shapes σ are obtained from the solar neutrino
simulated events. The values of S and Bi are obtained
by maximizing the likelihood. The histogram of Fig. 17
is the best fit to the data, the dark (light) shaded region
is the solar neutrino signal (background) component of
that best fit. The systematic uncertainty for this method
of signal extraction is estimated to be 0.7%.

1. Vertex shift systematic uncertainty

The systematic uncertainty resulting from the fiducial
volume cut comes from event vertex shifts. To calcu-
late the effect on the elastic scattering rate, the recon-
structed vertex positions of solar neutrino MC events are
artificially shifted following the arrows in Fig. 3, and the
number of events passing the fiducial volume cut with
and without the artificial shift are compared. Fig. 18
shows the energy dependence of the systematic uncer-
tainty coming from the shifting of the vertices. The in-
crease below 4.99 MeV comes from the reduced fiducial
volume (smaller surface to volume ratio), not from an
energy dependence of the vertex shift. The systematic
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FIG. 18: Vertex shift systematic uncertainty on the flux. The
increase below 4.99 MeV comes from the tight fiducial volume
cut. (see text)

uncertainty on the total rate is ±0.2%.

2. Trigger efficiency systematic uncertainty

The trigger efficiency depends on the vertex position,
water transparency, number of hit PMTs, and response
of the front-end electronics. The systematic uncertainty
from the trigger efficiency is estimated by comparing Ni-
calibration data (see section II C) with MC simulation.
For 3.49-3.99 MeV and 3.99-4.49 MeV, the difference be-
tween data and MC is −3.43±0.37% and −0.86±0.31%,
respectively [12]. Above 4.49 MeV the trigger efficiency
is 100% and its uncertainty is negligible. The resulting
total flux systematic uncertainty due to the trigger effi-
ciency is ±0.1%.

3. Angular resolution systematic uncertainty

The angular resolution of electrons is defined as the an-
gle which includes 68% of events in the distribution of the
angular difference between their reconstructed direction
and their true direction. The MC prediction of the angu-
lar resolution is checked and the systematic uncertainty
is estimated by comparing the difference in the recon-
structed and true directions of LINAC data and LINAC
(see [9]) simulated events. This difference is shown in Ta-
ble IV for various energies. To estimate the systematic
uncertainty on the total flux, the signal shapes sang+ij and
sang-ij are varied by shifting the reconstructed directions of
the simulated solar neutrino events by the uncertainty in
the angular resolution. These new signal shapes are used
when extracting the total flux, and the resulting ±0.1%
change in the extracted flux is taken as the systematic
uncertainty from angular resolution.

8B solar neutrino pep, CNO solar neutrino

• Accidentals: 
• Uncertainty less than 0.02%

• Fast neutron
• Uncertainty less than 0.05%

• 9Li/8He
• Uncertainty  0.1%~0.15%

• From the 241Am-13C 
source

• Uncertainty 0.05%~0.1%
• 13C(α,n)16O

• Uncertainty less than 0.05%
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	  	  With	  befer	  detectors,	  signal	  ID,	  and	  backgrounds,	  we	  can	  

	  	  Important	  physics	  depends	  on	  detecGng	  MeV	  neutrinos	  

	  	  Understanding	  spallaGon	  backgrounds	  is	  a	  new	  opportunity	  
	  	  TheoreGcal	  insights	  are	  crucial	  to	  progress	  
	  	  Backgrounds	  are	  made	  by	  secondaries	  
	  	  Secondaries	  are	  made	  in	  showers	  
	  	  Showers	  can	  be	  idenGfied	  and	  localized	  
	  	  Applicability	  to	  a	  wide	  range	  of	  underground	  detectors	  

	  	  Shirley	  Li	  is	  applying	  for	  postdocs	  this	  fall:	  
	  	  Works	  on	  neutrino	  physics	  and	  detecGon,	  also	  neutron	  stars	  

Take-‐Away	  Messages	  
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Center	  for	  Cosmology	  and	  AstroPar-cle	  Physics	  

Columbus,	  Ohio:	  1	  million	  people	  (city),	  2	  million	  people	  (city+metro)	  
Ohio	  State	  University:	  56,000	  students	  
Physics:	  55	  faculty,	  Astronomy:	  20	  faculty	  
CCAPP:	  20	  faculty,	  10	  postdocs	  from	  both	  departments	  
Placements:	  In	  2014	  alone,	  12	  CCAPP	  alumni	  got	  permanent-‐track	  jobs	  

36	  

Recent	  faculty	  hires:	  Antonio	  Boveia,	  Linda	  Carpenter,	  Chris	  Hirata,	  
Adam	  Leroy,	  Laura	  Lopez,	  Annika	  Peter	  
Recent	  PD	  hires:	  Ami	  Choi,	  Alexia	  Lewis,	  Niall	  MacCran,	  Tuguldur	  
Sukhbold,	  Michael	  Troxel,	  Ying	  Zu,	  …	  and	  Francesco	  Capozzi	  

CCAPP	  Postdoctoral	  Fellowship	  applicaGons	  welcomed	  this	  Fall	  

ccapp.osu.edu	  


